The temporal evolution of microwave pulses transmitted through random dielectric samples is obtained from the Fourier transform of field spectra. Large fluctuations are found in the single channel delay time, which is the first temporal moment of the transmitted pulse at a point in the output speckle pattern. Both positive and negative values of single channel delay time are observed. Wide-ranging values are most commonly obtained near a phase singularity in the transmitted speckle pattern. In the limit of long, narrow-bandwidth incident pulses, the single channel delay time equals the spectral derivative of the phase of the transmitted field. Fluctuations in the statistics of dynamics in mesoscopic systems thus reflect the underlying phase statistics of the transmitted field. PACS number(s): 41.20.Jb, 05.40.+j, 71.55.Jv
Rayleigh distribution describes large fluctuations in intensity at the output of a scattering medium excited by monochromatic radiation. The intensity normalized to its ensemble average has a negative exponential distribution, , when measuring a single polarization component [1] . This ( )
distribution obtains under the assumption that the field can be represented as a ϕ i e A E ⋅ = superposition of uncorrelated partial waves. However, in multiply-scattering media, the coherent nature of wave propagation inevitably leads to long-range intensity correlation [2] . This gives rise to enhanced fluctuations in the intensity [3] , total transmission [4] , and electronic conductance [5] , which have been studied intensively in the last decade. The degree of nonlocal intensity correlation is a measure of the closeness to the localization threshold [2] [3] [4] [5] and determines the statistical distributions of key transmission quantities. In this paper we consider fluctuations in pulse propagation. This is in contrast to previous studies of the statistics of steady state propagation in random media and to measurements of the time of flight distribution which is an ensemble averaged quantity [6] . On averaging over ensemble, fluctuations are suppresses and one obtains a time of flight distribution which can be calculated by taking the appropriately weighted incoherent sum over all paths. This corresponds to the particle picture and gives a mix of ballistic and diffusive transport.
Here we consider fluctuations in the dynamics of transmission for a given incident and outgoing mode or position which is transmitted through different realizations of a random medium. Specifically, we define the local or single channel delay time, , as the first temporal moment for a transmitted pulse ab τ associated with an incident pulse of bandwidth 7 centered at t = 0 in the time domain and at 7 0 in the frequency domain,
(1)
where is the transmitted field from input channel a to output channel b. This is in
contrast to previous discussions of the Wigner time delay and the Wigner-Smith time delay matrix, which have been powerful concepts for describing scattering [7] . As shown by Smith [8] , the diagonal elements of the lifetime matrix where S is the scattering matrix, is proportional to the density of states [9] . Local delay times have been considered for electrons tunneling through barriers and for classical evanescent waves [10] . In these cases, scattering through a fixed structure into a single mode is considered. Here we study the propagation of an incident spatial mode into a multichannel random medium. Detection is at a point in the output speckle pattern for an ensemble of random configurations.
In a homogeneous medium of thickness L with phase velocity v, the phase accumulated as the angular frequency is increased by 7 is Q =kL= 7L/v and is proportional to the delay time L/v.
In this simple situation, the phase derivative is traditionally called the group delay and is ω ϕ d d a measure of the transit time through a homogeneous medium. In random media, however, the wave is multiply scattered and the output field is the superposition of partial waves arriving at a point. If we ignore fluctuations in the phase velocity for different paths in the medium and additional phase shifts due to focal points or reflections, the phase accumulated by the wave in following a path of These large values most commonly occur when a phase singularity in the speckle pattern passes near the detector as the frequency is varied. We investigate these phase singularities by measuring the phase variation with frequency at nearby points in the speckle pattern. In contrast with the characteristics of static speckle patterns investigated by Freund which are independent of the scattering medium [11] , here the role of the medium is crucial and we demonstrate how these characteristics are related to the dynamics. When dealing with pulse propagation, one can define J as the energy transmission coefficient or the total energy of the ouput pulse, and consider the more general set of variable (J,ab ). We will study pulses of finite width and particularly limit 70. Many properties have been used to characterize can be chosen to describe travel time of a wavepacket [12] . When the pulse is not appreciably distorted in transmission, the delay time of salient feature as the peak between the input and output surfaces of the sample can be used. In multiply scattering media however, the shape is distorted (see Fig.1a ) and it is impossible to associate precise features of the transmitted pulse with the incident pulse. It is therefore more reasonable to consider the shift of the barycenter of the transmitted pulse intensity at the output surface of the sample, following definition (1) of the single channel delay time. We note that the integration over the pulse is reminiscent of the definition of the associated quantity, the energy transmission coefficient . The time origin is taken at the center of the initial pulse at smaller than the travel time in free space and even negative. Fig. 3 shows the pulse response to a gaussian pulse with ) = 100 ns, centered around 11.1025GHz which corresponds to the first negative peak in Fig. 2c .
We demonstrate in the following how these large fluctuations in both the phase variation and the local delay time are the result of phase singularities. In Fig. 4 , we plot the phase derivative of the transmitted field, its phase modulus 2% and the logarithm of the transmitted intensity between 10 and 10.5 GHz. Large positive and negative peaks in the phase derivative correspond to small values of intensity. Indeed a zero of the amplitude would correspond to an undefined phase since the real and imaginary part of the field are then zero. On any closed contour around this phase singularity, the phase circulation is an integer multiple of 2% [13] . To explore excursions in the phase as a singularity moves near a point, we measure phase at closely spaced points along a line as the frequency is tuned.
After the spectrum at a given position is taken, the detector is translated by 1mm on a 4cm-length line running symmetrically about the center of the output surface. This gives the field at 40 points spectra , at each frequency. The increment in phase along the line from 18GHz is obtained by unwrapping the phase modulus 2% [14] and is shown in Fig.5a . As the speckle pattern changes with increasing frequency, phase singularities may move across the detection line resulting in a 2% phase difference between consecutive detector positions: +% jump on one side of the singularity and -% jump on the other side. The sign of this phase difference depends on the sign of the phase singularity [11] . This results in large fluctuations of the phase derivative d3/d% as a function of frequency and of detector position as shown in Fig.5b . Consequently, strong fluctuations of 3/% will occur when 7 is small since it is then not so different from d3/d% (Fig.2c ). For larger % (Fig.2a ), averaging of random variations in phase reduces these singularities. 
For pulse bandwidths much smaller than the correlation frequency, which is essentially the inverse of the average delay time, the transmission coefficient is roughly constant over the pulse ab I bandwidth. Therefore, for a narrow rectangular pulse in the frequency domain ω ϕ τ ∆ ∆ ab (Fig.2c ). Only at frequencies where the intensity drops rapidly and cannot be taken as constant over the bandwidth are fluctuations in 3/% larger than fluctuations in . Note that in these cases a In the limit 70 for which in both expressions (A4) and g 2 7 0 ,7 (7) 1 2 % 7 g 7 0 ,7 (7) (A8) of appendix A, one finds, To illustrate this result, the time delay between 10 and 11 GHz is presented in Fig.7 for different pulse widths and is compared to the phase derivative for the same frequency range (Fig. 7e ). We dQ/d7 find experimentally that for a pulse with = 400 ns, which corresponds to a bandwidth of % × e
|E(t;7 0 ,7)| 2 dt 2 I(7) g 2 7 0 ,7 (7) d7 (A4) |E(t;7 0 ,7)| 2 22 d7 d7 A(7) A(7 ) e i[Q(7) Q(7 )] g 7 0 ,7 (7) g 7 0 ,7 (7 ) e i(7 7 )t (A1)
Appendix A
We demonstrate relation (2) in the case of a gaussian pulse shape whose Fourier transform g 7 0 ,7 (7) is simple.
Starting from definition (1) of the local time delay, we express the transmitted field Taking 7=7-7', we expand both the amplitude A (7) and the phase Q(7) of the field as follows and .
Assuming that is a symmetric and decreasing function of frequency, we show that the zeroth g 7 0 ,7 and the first order of these expansions are the only non vanishing contributions in both integrals of expression (1) . Consequently, we establish with no approximation that : where . After integration over 7, we find I(7)|A(7)| 2 From this expression, we calculate both integrals in the expression (1) × e
2 t |E 7 0 ,7 (t)| 2 dt 2 I(7) dQ d7 g 2 7 0 ,7 (7) d7 (A7) After integrating by parts over time the second term in the brackets, we obtain After integration over time, this yields which gives relation (2). 
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